The oxidation of pure copper in oxygen with and without water vapor was investigated as a function of temperature, oxygen pressure, and water vapor pressure using thermogravimetric analysis. The rate of the oxidation was increased with increasing temperature from 500 to 700°C and followed by the parabolic rate law regardless of the presence of water vapor. The activation energy for the oxidation was 90.67 kJ/mol in dry oxygen and 95.86 kJ/mol in oxygen with water vapor. The change of oxygen pressure without water vapor does not affect the oxidation rate at given temperatures. However, increasing water vapor pressure from 0.39 to 0.58 atm resulted in higher oxidation rate due to the increase of copper vacancies. CuO whiskers were observed and their growth seems to be enhanced by the presence of water vapor.
Introduction
A number of studies on the oxidation of copper at a wide range of temperature have been conducted using various oxidizing atmospheres including pure oxygen and water vapor. It has been concluded by numerous studies that while the rate of copper oxidation was increased with increasing temperature, oxygen pressure had no effect on the rate when the pressure is above the equilibrium potential for Cu/CuO. 1, 2) Plascencia et al. studied copper oxidation in the temperature range of 300-1 000°C. It showed that the oxidation was followed by logarithmic law of surface diffusion at 300-500°C, and by parabolic law of diffusion of copper ions through oxide layer at 600-1 000°C.
3) The oxide scales formed on copper in various temperatures and oxygen pressures consisted of inner Cu 2 O layer and outer layer of CuO. It is shown that dense and compact layer of single phase CuO was formed at the oxygen pressure lower than the equilibrium potential for Cu/CuO, and the rate of the oxidation under this condition was increased with increasing oxygen pressure. [4] [5] [6] Electronic transport in copper oxides was studied at elevated temperatures. 7, 8) At low temperatures, associated pairs of cation vacancies and electron holes are likely to be formed. However, the vacancy-hole pairs are dissociated at high temperatures. Electrical behavior of nonstoichiometric Cu 2 O exhibited charge defects having double-ionized oxygen interstitial and holes, and intrinsic electronic conduction was exhibited in CuO. Recently, the effects of copper purity and the oxidation mechanism were investigated with different specimens in 0.1 MPa at 350-1 050°C by Zhu et al. 9) It was concluded that while the oxidation kinetics was not affected by the specimen purity at high temperatures, the oxidation rate was increased at intermediate temperatures due to enhanced grain boundary diffusion. At low temperatures, grain boundary diffusion might be hindered by impurities segregated at grain boundaries. In addition, the rate-limiting step on the copper oxidation was found to be outward diffusion of copper in Cu 2 O.
There have been only a few studies for the oxidation of copper in atmospheres containing water vapor. The change in weight during oxidation of copper in air, oxygen, nitrogen, and water vapor-containing air have been measured by Tylecote. 10) It was observed that while the addition of moisture decreased the oxidation rate at 370°C, the oxidation rate was increased with increasing temperature from 420 to 700°C. Haugsrud 11) investigated the oxidation of pure Cu at various water vapor and oxygen pressures at temperatures from 400 to 1 000°C. The measured parabolic rate constants are higher in wet than in dry atmospheres at temperatures below 700°C. The rate constants were interpreted with the relationship between transport of reactant gases and point defect structure of CuO and Cu 2 O. Recently, the kinetics of oxidation of copper powders in oxygen, dry, and humid air was investigated by Feng et al. 12) They found that the increase of relative humidity of the air from 0 to 30 % causes an increase of the oxidation rate about 50 % at 30°C and about 30% at 45°C.
In this study, the oxidation behavior of pure copper has been investigated with variables including temperature, oxygen pressure, and water vapor pressure by means of continuous thermogravimetry at temperatures, 500, 600 and 700°C. Oxidation mechanism in dry and moist atmosphere is discussed on the basis of kinetics of the oxidation and defect structure of copper oxides. In addition, morphology, composition and structure of the oxide scales are examined by scanning electron microscope (SEM) and X-ray diffraction (XRD).
Experimental

Experimental Procedure
A copper foil (99.99 % Cu) was purchased and was cut to make coupon specimens with a dimension of 1.5 cm in width and 2 cm in length. Before oxidation, the specimens were polished with SiC-paper in the order of size, 320, 500, 800, 1 200, 2 400, and 4 000, and then subsequently polished with diamond polishing suspension of grade 1 mm. After polishing, the specimens were cleaned in an ultrasonic cleaning bath with acetone.
The oxidation of copper was carried out using thermogravimetric apparatus as shown in Fig. 1 . The oxidizing gas mixture was passed through drierites to remove moisture before flowing into the reactor tube. Copper turning furnace was installed to reduce oxygen impurity in argon gas prior to passing through the reaction zone. The oxidizing gas mixture flows to the reaction zone from the bottom of the quartz tube, while purified argon gas flow is maintained through the electrobalance during the oxidation. A copper coupon specimen is suspended with a platinum wire in the reaction zone of the quartz tube and then heated up in ultrahigh pure argon. Once the desired temperature was reached, a mixture of reaction gases was introduced into the reaction tube until oxidation tests were finished. Oxygen partial pressure was controlled by mixing argon and oxygen.
Continuous Oxidation with Water Vapor
The oxidation of copper was also carried out in the presence of water vapor and the experimental apparatus consisted of thermogravimetric apparatus and heat-circulating bath which supplies water vapor continuously. A flask bottle containing water was placed in the bath and remained at constant temperature during the oxidation. Heating tapes were put on the top and bottom of the reactor tube as well as copper tubing between the reactor and the flask bottle. Some alumina balls were placed at the bottom of the reaction tube to mix the reaction gases. The gas mixture of oxygen and argon after passing through a mixing chamber were passed through water. A copper specimen placed in the reaction zone was heated in ultra-high pure argon atmosphere and then the gas mixture containing water vapor was introduced into the reactor. The change of weight of the specimen was continuously measured and monitored during the oxidation. Surface morphology and cross-sections of the oxidized specimens were examined by scanning electron microscopy (SEM), X-ray diffraction (XRD) and Energydispersive X-ray spectroscopy (EDX).
Results and Discussion
The oxidation rate of pure copper was measured at various temperatures in oxidizing gases containing oxygen with and without water vapor. Figure 2 represents the variation of specimen weight with time during the oxidation of copper at 500, 600 and 700°C at 0.1, 0.2 and 1 atm oxygen pressures without water vapor. The oxidation of copper in moist atmosphere is shown in Fig. 3 . It is seen that the oxidation rate increases with increasing temperature and is much faster at 700°C than at 500 and 600°C at given oxygen and water vapor pressure. As shown in Figs. 2 and 3 , the oxidation of copper in dry and moist atmospheres followed parabolic rate law. The oxidation rate was measured using two oxidizing gas mixtures, Ar/O 2 (0.2 atm oxygen) and Ar/O 2 /H 2 O (0.39 atm water vapor and 0.2 atm oxygen). The weight change of copper with time in the dry and moist gases at 500, 600, and 700°C is represented in Fig. 4 . It is shown that the oxidation rate is found to be slightly higher in moist than in dry at given temperatures.
The activation energies for the oxidation of copper in dry and moist atmosphere were obtained from the oxidation rate. The Arrhenius plot of the parabolic rate constants for the oxidation of copper is shown in Fig. 5 . It is seen from this figure that the oxidation rate constants are almost linearly proportional to temperature regardless of the type of oxidizing atmosphere and the activation energies were found to be 95.86 kJ/mol in moist and 90.67 kJ/mol in dry atmosphere.
The dependence of the parabolic rate constants on oxygen partial pressure in the dry and moist gases is shown in pressure smaller than the equilibrium pressure, only Cu 2 O is formed. In this case, the oxidation rate may be increased with increasing oxygen partial pressure which may affect the concentration gradient of lattice defects in Cu 2 O. However, at oxygen pressure higher than the equilibrium dissociation pressure of CuO, the oxide scale consists of outer CuO and inner Cu 2 O layer. The thermodynamic equilibrium was established at Cu/Cu 2 O and Cu 2 O/CuO interfaces at given temperatures. Therefore, the parabolic rate constants for the oxidation in this study are relatively unaffected by the external oxygen pressure. The oxidation of copper was carried out in a fixed water vapor pressure of 0.39 atm with different oxygen pressures, 0.2, 0.4, and 1 atm which are higher than the equilibrium oxygen pressure for the dissociation of CuO shown in Fig. 8 representing phase stability diagram of Cu-O-H at 500-700°C. The oxidation rate of copper was shown to be independent of the oxygen pressure in the gases at 600°C. The oxide scales of copper were examined by X-ray diffraction (XRD). The XRD patterns for the specimens oxidized at 500, 600, and 700°C in dry and moist atmosphere are shown in Fig. 10 . Copper oxide was found to consist of Cu 2 O and CuO at all temperatures in both oxidizing gases. Based on the XRD patterns and cross-section of the oxide scale shown in Fig. 12 , Cu 2 O scale can be considered to be dominant phase in the scale, whereas CuO represents only small amounts of the oxide layer in dry and moist atmospheres.
Dependence of parabolic rate constants on water vapor pressure at 600°C is shown in Fig. 9 . It is seen that the oxidation rate increases with increasing water vapor pressure. The oxidation of copper under the experimental condition may proceed by lattice diffusion and the parabolic rate constant, k p , is related with point defects in the oxides. The oxidation of copper in dry and moist atmosphere may proceed mainly by the diffusion of copper vacancies in Cu 2 O.
Cuprous oxide (Cu 2-d O) is metal deficient and its predominant defect is known to be copper vacancies on copper sublattice. Thus, the oxidation of copper takes place by the transport of Cu 2ϩ and electrons through copper vacancies and electron holes in Cu 2-d O.
14) The formation of the vacancies can be described by the reaction: Using Eqs. (1)-(3) , the relationship between oxygen partial pressure and defect concentration may be expressed as fol- (6) The Eq. (7) can be obtained by combining Eqs. (4) and (6) The oxide morphology after oxidation for 48 h in dry and moist mixtures is shown in Fig. 11 . At 500°C, CuO whiskers were well developed and covered most of the outer oxide surface, while at 600°C less whiskers were found and some porous areas were observed. At 700°C, whiskers were almost disappeared and oxide grains with some pores were developed on the surface. It was found that whiskers grown in oxygen with water vapor were relatively longer and thinner compared to them in dried oxygen so that water vapor may have a tendency to promote whisker growth. It has been reported that the whiskers grow at the tip by the breakup of the oxidant molecules and subsequent adsorption of oxygen on the tip of the whiskers. [13] [14] [15] It is also reported that the breakup of H 2 O molecules is easier than O 2 .
13) Therefore, the growth of the whiskers may be increased in the atmosphere containing water vapor.
The cross-sections of copper oxide formed in dry and moist gases are shown in Fig. 12 . Cu 2 O and CuO were formed in both oxidizing gases. It is shown that the cracks were propagated along the interface between CuO and Cu 2 O and were well developed in moist gases compared to those in dry gases over the temperatures. However, the contact between Cu 2 O and Cu interface was relatively well maintained. It is also observed from this figure that CuO is 
Conclusions
The oxidation of copper was examined in the temperature range of 500 to 700°C in oxygen with and without water vapor. The following results were obtained:
(1) The rate of copper oxidation in oxygen containing water vapor was shown to be slightly higher than that in dry gases.
(2) The oxidation of copper in both dry and moist oxygen atmosphere followed parabolic rate law.
(3) While oxygen pressure did not affect the oxidation rate of copper, the rate was increased with increasing water vapor pressure due to the increased copper vacancy.
(4) The oxide layer consists of Cu 2 O and CuO at given temperatures and oxidizing atmospheres.
(5) The morphology of copper oxide was developed with different shapes depending on the temperature and the presence of water vapor: CuO whiskers were formed at 500 and 600°C but the whiskers were disappeared at 700°C. Further, the growth of whiskers seems to be enhanced by the presence of water vapor.
(6) The oxidation of copper may take place by outward diffusion of copper ions through copper vacancies in the oxide scale and the Cu vacancies as major defects in the oxide may be substituted by hydrogen proton in the presence of water vapor.
